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~---j 15. SUPPLEMENTARY NOTES 
Lockheed has designed, fabricated, and tested a peak wind speed anemometer (Maxom- 
eter) under contract to the Marshall Space Flight Center (March 1969 through May 1970 
Contract specifications called for a purely mechanical device with anti-spark properties 
(no metal-to-metal moving contact) capable of measuring winds from 8 meters per second 
up to 200 meters per second, and then keeping a permanent record of the peak wind. Alon 
with th i s  w a s  the necessity to withstand the Saturn V launch conditions on the Launch 
Umbilical Tower (2000 degrees F) and an accuracy design goal of f 5 percent of reading. 
A maxometer concept which used a f la t  disk and two constant-rate springs (high and 
, 
low) w a s  designed and developed. 
to retain a given displacement of the springs when exposed to  the dynamic pressure gene- 
rated from a given maximum wind velocity, 
Models S and E. 
posure to, and measurement of, winds induced during a typical launch from the Saturn V 
Launch Umbilical Tower. 
designed for the normal meteorological environment. 
technique w a s  used i n  both models. 
The concept included a precision clutching mechanism 
Two maxometer configurations w e r e  developed: 
The Model S configuration was a fixed-orientation model capable of ex- 
The Model E configuration was a weather-vaning model which w a s  
The same measuring and recording 
ABSTRACT (concluded) 
properly eva lua te  the  low-range c h a r a c t e r i s t i c s  (8 t o  30 meters  pe r  
second) because of l i m i t a t i o n s  of t he  tunnel  f a c i l i t y  i n  the  low 
v e l o c i t y  region: Further f i e l d  and wind tunnel t e s t s  a r e  recommended 
t o  properly eva lua te  t h e  Maxometer over t h e  f u l l  range of performance 
c h a r a c t e r i s t i c s .  Also, minor design changes a r e  recommended t o  reduce 
f a b r i c a t i o n  cos t s  and t o  r e l i e v e  p o t e n t i a l  ope ra t iona l  l i m i t a t i o n s .  
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FOREWORD 
This final report documents the results of a 14-month 
effort to design, develop, fabricate and test a peak wind speed 
anemometer, or MAXOMETER, for the NASA-Marshall Space 
Flight Center' s Aero-Astrodynamics Laboratory. 
gram was conducted by Lockheed Missiles & Space Company's 
Huntsville Research & Engineering Center (Lockheed/Huntsville). 
The work was  performed under NASA Contract NAS8-24020 
during the period 26 March 1969 through 25 May 1970 by Lockheed/ 
Huntsville's Systems Engineering Organization, Mr. A. S. Dunbar, 
Manager. 
done in NASA-Langley Research Center's 7 x 10-foot tunnel 
facility. All other work was done at Lockheed/Huntsville. Project 
Engineer was Mr. R. B. Wysor, Supervisor, Systems Engineering 
Advanced Development Section. Lead Ehgineer for the design and 
development efforts was Mr. P. T. Johnson, who was assisted by 
Messrs. M. C. Krause and N. 0. Wages for analysis, calibration 
and drafting efforts. 
This pro- 
Wind tunnel tests conducted during the program were 
Contracting Officer's Representatives for this program 
were Mr. John W. Kaufman, Principal, and Mr. Dennis W. Camp, 
Alternate, of NASA-MSFC Aero-Astrodynamics Laboratory, 
Aerospace Envir onment Division. 
iii 
LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 
LMSC/HREC 0162388-A 
ACKNOWLEDGEMEN TS 
Appreciation is expressed to Mr. John W. Kaufman and 
ivir. Dennis W. Camp of the NASA-MSFC’s Aero-Astro Aero- 
space Environment Division for their support and guidance in 
conducting the development efforts reported herein. 
sp~recizticz is expressed io Mr. Camp for assistance in plan- 
ning and coordinating the wind tunnel tests at NASA-Langley 
Research Center, and t o  Messrs. W. W. Vaughan and Robert E. 
Turner for their guidance during concept development and 
critique of this f i n a l  report. Also, the assistance of the follow- 
ing NASA-Langley Research Center personnel in conducting the 
wind tunnel tests is gratefully acknowledged: 
Special 
. a #  
H. G. Wiley  Section Head, Vehicle Dynamic s Section 
E. E. Davenport Engineer 
Jack Smith Tunnel Mechanic 
Hazel Redding Data Recording 
Wi l l i s  Cross Photographer 
iv 
LOCKHttD . HUNThVILLE RESEARCH 8 ENGINEERING CENTER 
~ 
LMSC/HREC D162388 
Section 
1 
2 
CONTENTS 
IN TROD UC T ION 
MAXOMETER SPECIFICATIONS 
2.1 General 
2.2 Wind Speed Range 
2.3 Accuracy 
2.4 Response 
2.5 Environment 
2.6 Accessibil ity 
2.7 Design Restrictions 
2.8 Wind Direction 
3 MAXOMETER DESIGN 
3.1 General Features 
3.2 Concept 
3.3 Computer Simulation 
3.4 Design Analyses 
3.5 Materials 
3.6 Performance Tradeoffs 
Page 
1-1 
2-1 
2-1 
2-1 
2-1 
2-2 
2 -2 
2-3 
2-3 
2-3 
3-1 
3-1 
3-8 
3-9 
3-1 1 
3-34 
3-34 
V 
LMSC/HREC D16 2388 
CONTENTS (Continued) 
Section 
4 MAXOMETER DEVELOPMENT 
4.1 Springs 
4.2 Clutch Mechanism 
4.3 Friction 
4.4 Pyrex Glass Cylinder 
4 . 5  Other Development Efforts 
5 MAXOMETER CALIBRATION TESTS 
5.1 Laboratory Calibration 
5.2 Wind Tunnel Tests  
C ONC LUSIONS AND RECOMMENDATIONS 6 
7 REFERENCES 
Page  
4- 1 
4- 1 
4-2 
4 - 5  
4-6 
4-7 
5 - 1  
5-1 
5-6 
6 - 1  
7 - 1  
vi 
I O C K H E t U  HUNTSVILLE RESEARCH 8, ENGINEERING CENTER 
LIST OF TABLES 
? 
a 
Table 
3-1 Maxometer Component Materials 
4- 1 Maxometer Clutching Concepts 
5-  1 Calibration Data (Static) 
5 -2 Maxometer Run Schedule 
5 - 3  Wind Tunnel Data Sheet 
Pa ge 
3- 35 
4-4 
5 - 4  
5 -8 
5-9  
LIST OF ILLUSTRATIONS 
Page Figure 
3-1 
3-2 
3- 3 
3 -4 
3-5 
3-6 
3-7 
Maxometer Model S Configuration 3-2 
Maxomete r Model E Configuration 3-3 
Maxometer Configuration Model S 3 - 4  
Model S Maxometer Assembly 3-5 
Model E Maxometer Assembly 3-6 
Maxometer Subassemblies (Model S) 3-7 
Analog Simulation of Mathematical Model  
for Nonlinear Spring System (Large Damping) 3-12 
3-8 Analog Simulation of Mathematical Model  
for Nonlinear Spring System (Small Damping) 3-13  
3-14  
3-17 
Maxometer Dynamic Performance Characteristics 3-9 
3-10 
3-1 1 
Maxometer Resolution Er ro r  
Acoustic Force in Critical Frequency Range 
( 1  300 to 6000 Hz) 3-20 
vii 
I UCKHtED.  HUNTSVILLE RESEARCH 8, ENGINEERING CENTER 
LMSC/HREC D 162 388 -A 
LIST O F  ILLUSTRATIONS (Continued) 
Figure 
3-12 
3 - i 3  
3-14 
4- 1 
5-1 
5-2 
5-3 
5 -4 
5-5 
5-6 
5 -7 
5-8 
5 -9 
5-10 
5-11 
5-12 
Maxometer Dynamic Pressure vs Displacement 
iviaxomete r Velocity vs U I spiac e ment Cha racte r i st ic s 
Maxometer Performance Limits for Various 
Disk Diameters 
In it ial Max0 met e r Con f igurat ion 
Laboratory Calibration Test Apparatus 
Model E Maxometer on Roof of Lockheed 
Maxometer Force versus Displacement Calibration 
Maxometer Installation in NASA-Langley 7 by 10-Foot 
High Speed Wind Tunnel (Front View) 
Maxometer Installation in NASA-Langley 7 by 10-Foot 
High Speed Wind Tunnel (Aft View) 
Model S Maxometer with Disk Retention Release 
Mechanism 
Model E Maxometer with Lanyard Weathervaning 
Retention Release Mechanism 
Maxometer Dynamic Pressure  versus Displacement 
Te s t Results 
Maxometer Velocity vs Displacement 
Effect of Angle of Attack on Maxometer Displacement 
at Constant Dynamic Pressure 
Model E Maxometer Weathervane Response 
Maxome ter  Response Characteristics 
Page 
3-22 
3 -24 
3-37 
4-3 
5-2 
5 -2 
5-3 
5-11 
5-12 ' 
5-13 
5-13 
5-15 
5-18 
5 -20 
5 -24 
5 -27 
t 
viii 
LOCKHEED. HUNTSVILLE RESEARCH 8, E k G I N E E R I N G  CENTER 
LMSC/HREC D 162388 -A 
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. 
A 
Ad 
A 
P 
1: 
A 
AR 
a 
b 
‘d 
C 
DO 
D 
E 
P 
6 
E 
F 
K 
I 
M 
area 
area of disk (ft ) 
area of piston (ft ) 
area, effective receiving (cm ) 
aspect ratio (dimensionless) 
2 
2 
2 
spring constant (lb/ft 2 - nonlinear spring) (kg/m 2 ) 
span f t  (m) 
drag c oe ff ic ie nt (dime n s io d e  s s ) 
orifice coefficient (dimensionless) 
sound velocity (cm/sec) 
orifice diameter (ft) 
piston diameter (ft) 
modulus of elasticity (lb/in ) 
sound intensity (erg/cm /sec) 
force 
force, spring 
gravitational constant (ft/sec ) (m/s 
inertia (in- 1 b - se c ) 
spring constant (Ib-ft - for linear) 
moment arm (ft) 
mass of moving parts (lb-sec /ft ) 
2 
2 
2 2 
2 
2 4  
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pS 
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Re 
r 
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sC 
sf 
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V 
X 
X 
.. 
X 
Greek 
a 
0 a 
E 
'r 
17 
A 
V 
P 
2 ambient pressure (lb/ft ) 
static pressure (dynes/cm 2 ) 
dynamic pressure (lb/ft 2 ) 
universal gas constant (ft-lb/lb-OF) 
Reynold' s number (dimensionle 6 s )  
rainfall (in/min) 
s t ress  ~b/ in ' )  
compressive s t ress  (lb/in 2 ) 
2 fin area (f t  ) 
temperature (OR) (OK) 
velocity (ft/sec or m/sec) 
system displacement (f t  or  m) 
system velocity (ft/sec or m/sec) 
system acceleration (ft/sec2 or m/s 2 ) 
coefficient of thermal expansion (in. /in. -OF) 
angle of attack 
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Section 1 
INTRODUCTION 
' C  
The capability of measuring extreme flow conditions in the near vicinity 
of space vehicles when static tested before and during launch is of major in- 
terest  to  fluid dynamicists, space vehicle engineers and meteorologists. 
Anemometers presently available for measuring peak wind speeds are not 
designed to withstand the associated vehicle -induced extreme environmental 
conditions, such a s  high flow rates and high temperatures. Conventional 
anemometers are  destroyed under such conditions. 
ambient wind flow about space vehicles, measurement of the flow induced by 
the vehicle engines is desired. Work to date i n  this area has been primarily 
theoretical; i.e., by use of the equations of continuity and potential flow theory. 
The lack of an anemometer capable of measuring extreme wind speeds also 
impedes the acquisition of data associated with hurricanes, tornadoes, severe 
thunderstorms, dust devils, etc. Thus, such an anemometer would be bene- 
ficial to atmospheric scientists and meteorologists in investigations of extreme 
wind conditions. 
In addition to the normal 
Conventional anemometers have been installed at each of the Saturn 
vehicle launch pads a t  Kennedy Space Center. 
tioned in such a manner that they w i l l  obtain representative ambient horizontal 
wind data so that conditions can be determined prior to and during vehicle 
launches. They must, however, be located significant distances from the 
vehicle so that they will  not be damaged or destroyed by the extreme induced 
flow and temperatures created by vehicle exhaust during launch. 
t e rms  of this contract, Lockheed developed a Maxometer (Model S) that is de- 
signed to monitor the peak winds in the vicinity of space vehicle launch towers 
and surrounding terrain. 
space vehicle launch and wind conditions caused by natural phenomena such 
as storms, hurricanes, etc. 
These wind sensors a re  posi- 
Under the 
Winds to be measured include the induced winds from 
The Maxometer is capable of measuring the 
1-1 
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peak induced winds during the launch phase and maintaining a recording of 
this reading after the Maxometer has been exposed to the induced flow near 
the rocket engine exhaust. The Maxometer is reusable with a minimum of. 
refurbishment. 
launch environments, a Model E Maxometer has been designed and developed 
for use in normal environmental conditions. This model includes weather- 
vaning capabilities to  measure the peak wind speed regardless of direction. 
In addition to the Model S Maxometer for use in severe 
This report describes the design, development and testing efforts 
involved in the Maxometer program. 
used for guiding these efforts a r e  presented in Section 2. 
the design efforts, Section 4 the development efforts, and Section 5 the labora- 
tory calibration and wind tunnel testing efforts. 
Maxometer specifications which were 
Section 3 describes 
During this program three Model S and three Model E Maxometers 
were fabricated, calibrated and delivered. 
one of the Model E units were used in the NASA-Langley wind tunnel tests. 
The three Model S units and 
NOTE: The hardened steel  rod (see Fig .  3-3) had t o  be replaced by a 
ceramic coated r o d  due t o  a rod corrosion problem from the  sa l t  a i r  
environment. 
. 
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Section 2 
MAXOMETER SPECIFICATIONS 
2.1 GENERAL 
The Maxometers, Model S, shall be capable of monitoring the peak 
winds in the vicinity of space vehicle launch towers and surrounding terrain. 
Winds to  be measured include the induced flow from space vehicle launch 
and wind conditions caused by natural phenomena such as storms, hurricanes, 
etc. 
during the launch phase and maintaining a recording of this reading after the 
instrument has been exposed to the rocket engine exhaust environment after 
launch. 
The Maxometer shall be capable of measuring the peak-induced winds 
The Maxometer shall be reusable with a minimum of refurbishment. 
2.2 WIND SPEED RANGE 
Total Range: 8 - 200 m/sec 
This may be divided into two ranges as  follows: 
Low Range: 8 - 80 m/sec at temperature = 60°F (15.6 C) 
High Range: 20 - 200 m/sec at temperature = 1000°F (538OC) 
Maximum Dynamic pressure: 
Minimum Dynamic Pressure:  
0 
pressure = 14.7 psia (1013 mb) 
pressure = 14.7 psia (1013 mb) 
2 
(1013 mb) 
2 2 
14.7 psia (1013 mb) 
5 200 lb/ft 
= 1.0 lb/ft 
at 1000°F (538OC). 14.7 psia 
(4.88 kg/m ) at 60°F (15.6OC), 
2.3 ACCURACY 
Design Goal: - t 5% of true reading 
Ambient temperature and pressure data a re  assumed to be available for 
density correction factors to meet this accuracy requirement. 
accuracy shall apply to the velocity a s  determined from a dynamic pressure 
measurement. 
Therefore, this 
2-1 
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2.4 RESPONSE 
The Maxometer shall be designed to maintain the - t 5% accuracy for 
the respective ranges under the following conditions. 
Low Range (8 - 80 m/sec) 
lLc,?e=r ~ . r e l ~ c i ~ , v  &ann- ;,? 2.0 25 m/sec 6- LJ natural 
environment 
High Range (20 - 200 m/sec) 
130 m/sec 
200 m/sec 
velocity change in 0.25 sec in natural environment 
velocity change in 0.25 sec in the launch environ- 
ment ( l O O O o  - 2000°F temperature) (538O - 1093OC) 
The weathervaning response of the Model E Maxometer shall be suffi- 
cient to align the instrument along the velocity vector with sufficient accuracy 
t o  meet the - t 570 dynamic pressure accuracy requirements (Section 2.3) when 
measuring the 130 m/sec velocity change in 0.25 sec (natural environment). 
2.5 ENVIRONMENT 
2.5.1 Temperature 
Natural Environment: 20° - 120°F (-6.7O to 48.9OC) 
Launch Environment: Temperature at 20 - 40 meters f rom 
(Model S only) exhaust flame. Temperatures in the 
1000° - 2000°F (538O - 1093OC) range 
for 10 sec a re  anticipated. 
2.5.2 Vibration (Acoustic and Otherwise) 
The vibration and acoustic cri teria will be consistent with the Saturn 
launch complex environment. 
2-2 
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2.5.3. Other 
The Maxometer is expected to operate for extended periods without 
degradation in the high humidity and salt water  atmosphere a t  the Kennedy 
Space Center launch site. 
2.6 ACCESSIBILITY 
The readout device shall be readily accessible for periodic readings. 
2.7 DESIGN RESTRICTIONS 
The method of monitoring the peak wind speed shall - not require 
electrical means nor consist of rubbing surfaces which may generate static 
electricity. 
2.8 WIND DIRECTION 
For the Model S Maxometer, orthogonal units wil l  be deployed and wind 
direction resolved, assuming that the peak wind occurs simultaneously for 
each unit. 
but will record the maximum peak wind regardless of direction by weather- 
vaning into the wind. 
The Model E Maxometer wil l  not attempt to discern wind direction, 
2 -3 
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Section 3 
MAXOMETER DESIGN 
3.1 GENERAL FEATURES 
t 
The Peak Wind Speed Anemometer or "Maxometer" was designed to 
meet the requirements and specifications of Section 2. 
involved selection of a concept; evaluation of design parameters by computer 
simulation; design analyses of e r ror  sources, structure, materials, and 
Model E Weathervaning; and a study of performance tradeoffs. 
sections present the essentials of each one of these phases of Maxometer 
design. 
3-1, 3-2 and 3-3. Figures 3-4, 3-5 and 3-6 show finished assemblies and 
details as tested in the wind tunnel tes ts  described in Section 5. 
aspects of this design were the results of problems during the development 
phase (Section 4). 
The design process 
The following 
The resulting configurations, Models Sand E, a r e  shown in Figs. 
Also, some 
The Maxometer, Figs. 3-1 through 3-6, consists of a flat disk mounted 
The rod is attached to  a piston inside a cylinder. Inside the cylin- on a rod. 
der a r e  two linear springs. 
between the dynamic pressure force created by the wind on the disk and the 
spring compression force. 
cylinder end allows the disk-rod piston assembly to translate under wind 
loading but not return when this load is removed. 
graduated scale on the cylinder of piston displacement, the Maxometer is 
reset  by depressing the ball cage which disengages the balls and allows the 
disk to  be returned by the compression springs. 
Model S version is a zero adjust mechanism to  bias the weight of the moving 
par ts  (disk, rod, piston, etc.) when the unit's orientation is fixed at other 
than horizontal. Otherwise, the primary difference between the Model S and 
E configurations is that the Model S incorporates high temperature materials 
for  the launch environment and has a fixed orientation. 
designed for ordinary meteorological environment and is mounted such that 
The principle of operation is a force balance 
A one-way ball clutch acting between the rod and 
After visual reading of a 
Also incorporated into the 
The Model E is 
3-1 
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the instrument is free to pivot in the horizontal plane (or "weathervane") for 
wind vector alignment. 
3.2 CONCEPT 
3.2.1 Sensing Method 
Within the general field of anemometry, two devices which actually 
measure t rue wind speed accurately without disturbing the flow are :  the laser  
velocimeter and the sonic anemometer. 
drag and are  therefore a means of measuring dynamic pressure, q. 
velocity is related to q by the expression 
A l l  other devices rely on aerodynamic 
Wind 
v = g. (3.1) 
Density, p ,  is a function of pressure and temperature for an ideal gas. The 
normal excursions of pressure,  temperature and composition of air during 
usual atmospheric conditions can be figured into a correction factor, modifying 
p ,  to determine the correct wind velocity for a measured value of q. 
during environmental extremes such a s  the expected temperatures during 
Saturn launch ( l O O O ° F  or  538OC) coupled with the unknown gas composition, 
the density can only be approximated. The same condition is true to a lesser  
extent during material environmental extremes incurred during violent s torm 
activities. Wind velocity cannot be accurately calculated from q under these 
However, 
I conditions. The measurement of q is  accurate, however, and is not compro- 
mised by these factors. 
I 3.2.2 Direc t  Drag Concept 
The basic concept used in direct drag devices is that of measured pres-  
sure drag on a known body held normal to the air stream. 
device is a force measurement instrument in which q = F/ACd for a 
known reference area,  A, and a known (calibrated) drag coefficient c d '  
The direct drag 
3-8 
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The chosen drag body for the Maxorneter is a simple flat disk, since the Cd 
is almost a constant value through the expected Reynolds number (Re) range. 
Hoerner (Ref. 1) indicates a constant c d  value of 1.17 for Re values above 
4 10 . The rod 
is attached to a piston inside a cylinder. Inside the cylinder a r e  two linear 
springs (Fig. 3-3). 
dynamic pressure force created by the wind on the disk and the spring com- 
pression force. A one-way ball clutch, acting between the rod and cylinder 
end, allows the disk and piston to  translate under wind loading but not return 
when this load is removed. Resetting the Maxometer is accomplished by de- 
pressing the ball cage, which disengages the balls and allows the disk and 
rod t o  be returned by the compression springs. Readout for the Maxometer 
is a direct visual reading of a graduated scale on the cylinder, which yields 
dynamic pressure, q. 
as indicated in Eq. (3.1). 
The Maxometer drag device is a flat disk mounted on a rod. 
The principle of operation is a force balance between the 
A s  discussed earlier, the velocity is then related 
3.3 COMPUTER SIMULATION 
An analog mathematical model was produced so that sizing of the various 
components could be determined from its performance characteristics under 
wind response inputs. 
to  make the wind velocity directly proportional to  spring displacement. 
was later changed for reasons a s  discussed in Section 4.1, with the spring 
force subsequently changed as indicated on the following page. 
diagram and system equation a r e  a s  follows. 
the Nomenclature. 
The initial program had a nonlinear spring force input 
This 
The free body 
Terms a r e  further defined in 
3 -9 
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t X X 0 
P L 1  
P = ambient pressure Fs = CtMg J 
For a nonlinear spring the system equation is: 
- P M g  (3.2) ‘d 2gRT *d = -  
and for  a linear spring system the ax2 becomes a Kx term. 
The terms that were considered independent variables and received 
parametric variation were: disk area (Ad), piston size (D ), orifice size (Do) 
and piston total displacement (L) . 
variables and were put into the computer program after they had been calcu- 
lated in view of their respective boundary conditions. 
records the following parameters: wind velocity (V),  piston displacement (x), 
piston velocity (G), piston acceleration (2) and spring force (F ) a s  a function 
of time. 
P 
The remaining te rms  a r e  dependent 
The program output 
S 
3-10 
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A means of inserting friction into the program presented a problem. 
As programmed, friction was input as  a dominant accelerating force, with 
a SIGN opposing the piston (or disk) velocity vector. 
caused erroneous results at low wind speeds and when the disk velocity 
passed through zero. Friction was finally deleted because of overly com- 
plex simulation logic and the effects on system dynamic performance were 
found to be very minor. 
This characteristic 
The original computer simulation runs were made using a nonlinear spring 
system. 
system and launch wind condition; i.e., wind input of 200 m/sec in 0.2 seconds. 
These two figures a r e  for identical conditions except for the amount of damping 
(size of orifice). Figure 3-7, which has the larger damping, shows that no 
overshoot in displacement exists which is the desired result. 
two-linear spring system, a s  shown in Fig. 3-3, yielded traces as shown in 
Fig. 3-9. 
Figures 3-7 and 3-8 are example computer runs for the nonlinear 
The change to  a 
The result of the computer simulation study was to indicate that the 
amount of damping (orifice size) is sufficient to provide a minimum of over- 
shoot or e r r o r  for the Maxometer as fabricated. Final choice of piston dis- 
placement was not a direct result of this study due to accuracy considerations, 
as mentioned in Section 3.4. However, the disk diameter of 4.0 in., piston 
size of 1.0 in., and orifice diameter of 0.020 in. were a result of this study. 
3.4 DESIGN ANALYSES 
Independently of the computer simulation of the Maxometer, a number 
Some of these a reas  of areas were investigated to guide the design efforts. 
were related to instrument accuracy (resolution, acoustic pressure, rain, 
vibration, and wind vector alignment), while others were related to the 
velocity displacement characteristics and to  structural and temperature 
considerations. These areas a r e  discussed in the following paragraphs. 
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Fig. 3-7 - Analog Simulation of Mathematical Model for Nonlinear Spring 
System (Large Damping) 
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Fig. 3-8 - Analog Simulation of Mathematical Model for Nonlinear Spring System 
(Small Damping) 
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3.4.1 Resolution Error  
A Maxometer design goal accuracy of f 5% of reading (Section 2.3) wi l l  
require a resolution capability somewhat better than this accuracy. 
resolution is established by the "naked eye" scale resolution and the instru- 
ment spring rate. 
using a linear spring (Fs = Kx) and one using a nonlinear spring (Fs = a x  ). 
For a linear two-spring system, as shown in Fig. 3-3, 
This 
An expression for percent e r ro r  was derived for a system 
2 
where 
K1 = low-rate spring constant, lb/ft 
K2 = high-rate spring constant, lb/ft 
= 0 for x < x  
= 
- 1  
displacement to contact of the high rate spring xl 
Differentiating the above equations, the velocity e r ror  dV/V for a given 
scale displacement resolution dx is 
- -  dV - 100 , percent 
V P 'd Adv2 
(3.4) 
or 
In a similar manner, the dynamic pressure error ,  dq/q, was derived. 
100(K1 + K2) dx 
9 'd *d 
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or  
Thus, it can be seen from Eqs. (3.5) and (3.7) that the velocity resolution 
e r ro r  is 1/2 the dynamic pressure error.  
Using Eq. (3.4), the resolution e r ro r  for the Maxometer configuration 
in Fig. 3-3 was computed and is illustrated in Fig. 3-10. 
scale resolution from 0.10 to 0.015 in. is shown. As the curve illustrates, 
the resolution e r ro r  could be improved by increasing the velocity at which 
high rate spring contact is made. 
the instrument. 
Velocity e r ro r s  for 
This is a recommended improvement for 
This may be determined by using Eq. (3.5) and equating x = x l .  
Thus, 
- 
x1 - dV 
2K1 v 
Substituting the appropriate spring rates, the value of x1 for a velocity 
e r r o r  of 3% ( =  low-rate spring e r ro r )  and a dx resolution of 0.010 in. is 
x1 cy 3.5 in. Alternatively, this e r ro r  may be reduced by decreasing K2. 
The resolution characteristics of a Maxometer with a nonlinear spring 
2 (Fs = ax ) were evaluated from the equation 
dV - 200 ax dx - -  
A V2 V "d d 
(3.9) 
A simplification of Eq. (3.4) yields the following relation for a single 
constant rate spring system. 
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The constants a and K a r e  determined from the maximum dynamic 
pressure (qmax) and the maximum total spring deflection (xmax). 
tution of equivalent values of these constants and combining Eqs. (3.9) and 
(3.10) yields velocity resolution e r ro r  ratio (q) for comparing the nonlinear 
t o  the linear spring. Thus, 
Sqbsti- 
(3.11) 
From this relation, it can be seen that the nonlinear spring has superior 
e r r o r  characteristics f o r  x/xmax values less  than 0.5. 
flection approaches xmX,  the e r ro r  of the nonlinear spring is twice that of 
the linear spring. This, plus the excessive costs of a nonlinear spring, a r e  
the primary reasons for the two-linear spring design in Fig. 3-3. 
However, as  the de- 
3.4.2 Acoustic Pressure Force 
The effects of acoustics on the peak wind anemometer were examined 
(Refs. 2 through 5). 
surface, such as the Maxometer disk, it gives r i se  to  a static pressure on 
that surface. The phenomenon is a universal property of wave motion and 
applied equally to acoustic waves and electromagnetic waves. In the case 
of sound waves, the static pressure on an a rea ,  A, is 
When wave-propagated energy falls on a reflecting 
2 where E, is the sound intensity (ergs/cm /sec), and c is the velocity (cm/sec). 
The force on the area A is 
F = P s A  , 
assuming that the wave is incident normally on the surface. 
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I 
A t  constant amplitude, the energy in a propagating sound wave is 
directly proportional to the square of the frequency ( i! ), or inversely pro- 
2 portional to the square of the wave length ( l / h  ). 
area of an object, whose maximum dimension (a) is less  than A/2, is directly 
proportional to the square of the wavelength. 
The effective receiving 
That is 
(3.14) 
When the dimension of the object is larger than A/2, the effective receiving 
area approaches the geometrical area, which in the case of a disk is ~a . 
This accounts for the fact that a microphone, whose size is small compared 
to  the wavelength of sound incident upon it, has essentially flat response 
throughout the audible range. 
2 
The force on a disk, therefore, will be very nearly 
F = nPsa2/8  (3.15) 
independent of wavelength, throughout the frequency range of interest. 
since the pressure is related to the sound power by the equation 
Then, 
P = 20log(?)dB (3.16) 
where P is the sound power measured in decibels above the reference sound 
pressure,  Le., 2 x 10 -4 2 dynes/cm , or 2.9 x lb/in2, the force is 
F = (na2 /8 )  x 10 P l z O  2.9 10-9 (3.17) 
Figure 3-11 shows the force on 3-in. and 4-in. diameter disks for 
various sound power levels. Launch data for the AS-503 (Ref. 6) indicate 
maximums of up to 160 dB, with the majority maximums at 140 dB which 
place the acoustic forces a t  small values, especially when it is considered 
3-19 
LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 
LMSC/HREC D162 388 -A 
130 140 150 160 1 7 0  180 190 200 
Sound Pressure  Level (dB) 
Fig. 3 - 1 1  - Acoustic Force in Critical Frequency Range (1300 to  6000 Hz) 
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that the high acoustic forces will be coincident with the measurement of high 
dynamic pressures. 
3.4.3 Steady State Performance 
As previously stated, the Maxometer operates on the basis of a force 
balance between the wind and spring forces. 
ship is 
The basic steady state relation- 
q Cd Ad = K1 x + K2 (X - xl) 
or the dynamic pressure, 
where 
K1 = low range spring constant 
= 0.468 lb/in. (design) 
(3.18) 
K2 = high range spring constant 
= 9.720 lb/in. (design) for x1 > 2.500 
= 0 for x l<  2.500 
x1 = low range displacement to  high range spring contact 
= 2.500 in. (63.5 mm) 
Cd = disk drag coefficient 
= 1.17 (design) 
= disk frontal area 
= 0.0872 ft2 
Ad 
Substituting these values into the above equation yields the following 
design performance relationships for the low and high ranges. See Fig. 3-12. 
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Fig. 3-12 - Maxometer Dynamic Pressure vs Displacement 
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Low Range 
q = 4.59x lb/ft2 
High Range 
q = 9 9 . 8 8 ~  - 238, lb/ft2 
The wind velocity (V) is related to q by 
v = E  
(3.19) 
(3.20) 
Substituting this in Eq. (3.18) yields the relation for velocity vs displacement (x), 
or  
(3.21) 
where 
P = ambient pressure 
= 21 16 lb/ft2 (10 13 mb) at sea level, standard day 
R = air gas constant 
= 1716 ftZ/sec2-OR 
T = temperature, R 0 
= 5 2 0 ~ ~  (289OK) for standard day 
Substitution of these values yields the following relations for velocity 
versus  displacement as illustrated in Fig. 3-13. 
. 
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Low Range 
V = 62.2\1;;-, ft/sec 
High Range 
V = 2 9 0 . 2 d x -  2 .383 , ft/sec 
where 
x = displacement, in. 
In metric terms these relations a re  
Low Range 
V = 3 . 7 6 2 6 ,  m/sec 
High Range 
V = 17.554-, m/sec 
where 
x = displacement, mm 
(3.22) 
(3.23) 
3.4.4 Temperature Effects 
A thermal expansion analysis of various components w a s  performed 
0 
because of the large temperature variation (ambient to 1000 F). 
nique used was to  determine the size increase due to temperature, compare 
this to the mating part, and then compute the resulting increase in s t ress  due 
to interference should interference exist. 
ambient to 200°F was used inside the silicon glass  ablative cover and to 
1000°F outside the cover. 
coefficient of linear expansion times the initial size and respective tempera- 
ture differential. 
The tech- 
An increase in temperature from 
The expansion was computed by using the materials' 
Pr imary components of concern were the mating rod and 
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cylindrical components making up the disk rod, ball clutch, piston, and glass  
cylinder as  shown in Fig. 3-3. 
were considered. 
allow freedom of motion during maximum temperature extremes, and maintain 
a given piston displacement after exposure (such as after launch soak). 
particular problems were indicated a s  a result of this design analysis. 
Expansion in the radial and axial directions 
Tolerances and clearances of functioning par ts  were set to  
No 
Temperature effects on the spring rate characteristics were a particular 
concern in the selection of a spring material. 
of 0-ZOOOF and w a s  selected. 
Ni-Span-C was found to have 
cs3entia!?y a sfislar AylO&~~-cS ef e:&sst&ity Gv-ei- t;ie tei-tipei-at-cre rz;r*ge 
3.4.5 Vibration 
Because the Maxometer is a spring-mass system with its own resonant 
frequency, it was necessary to investigate the vibration of both the Maxometer 
stand and the Launch Umbilical Tower (LUT) mounting. Data contained in 
Ref. 6 were examined for detrimental frequencies during Saturn V launch 
operations and for possible mounting points. 
quencies i s  used to  denote those frequencies with large power plot peaks at 
or  near the Maxometer or stand frequencies. 
of the stand are 96 Hz and 19 Hz for a frontal and side vibrational mode, 
respectively. 
depending upon which spring is being compressed (the 3 Hz frequency for the 
low rate spring and 15 Hz for the high rate spring). 
station on the LUT is free of vibration. 
better than others in that both the peak amplitude, root-mean-square ampli- 
tude, and power spectral density a r e  small at the critical Maxometer fre- 
quencies. 
columns which have maximum peak loads of 0.8 g, with an rms  value Of 0.6 g 
at low frequencies, 1 to Z $  Hz. 
box sections where the peak loading is 8 to  9 g,  rms loading around 5 g ' s  
and frequencies around 180 Hz. 
The t e r m  detrimental fre- 
Calculated natural frequencies 
The natural frequencies of the Maxometer a r e  3 and 15 Hz, 
A s  was anticipated, no 
Certain portions and stations do appear 
The most promising mounting positions would be on the main 
Secondary to  these would be the horizontal 
At best then, no position i s  perfect and 
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3.4.6 Structural Analysis 
During the design of any new system, a portion of the work is directed 
toward determining the loads and their resulting stresses. 
certain items in the design can be neglected from any s t ress  analysis 
because it is determined by inspection that they either have very small 
loadings or have very large sections for the load to be carried. Those 
items possessing neither of these criteria require s t ress  analysis. 
For the Maxometer, three major items required more than just a cursory 
examination. These were the ball-clutch mechanism, the stand, and the 
rods holding the ends together. 
Generally, 
3.4.6.1 Ball-Clutch Mechanism - 
The loading on the balls in the clutch mechanism were examined 
because of the point loading effect. The free body diagram is shown below. 
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Thc load p e r  ball is: 
- 95.5 lb 
Fs/n 
F1 = - =  sina 0.04362 - (3.24) 
where 
n = number of balls 
Since there a r e  no  s t ress  equations applicable to the ball-clutch configuration, 
the s t resses  were calculated for boundary conditions which were considered 
worse than, and better than, the existing conditions. 
it would become apparent if the ball s t ress  would cause fracture. 
(compressive) equation and diagram for a sphere on a flat plate a r e  (Ref. 7 ) ;  
Frnm this i ~ f ~ r l v r i t i n n ,  
The s t ress  
C 
S F = 0.918 I 
and for the sphere in a spherical pocket; 
F 
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3 ,  
. 
S = 0.918 
C 
F (Dl Dl - " 2  "9 
t F2 -T 
(3.26) 
The s t ress  obtained by substituting Poisson's ratio ( Y ) ,  modulus of 
elasticity (E), and respective diameters for the two boundary conditions varies 
from 0.95 x lo6 to 1.5 x 10 psi, and would appear to  cause fracture. 
However, because of the facts that the s t ress  is highly localized and triaxial, 
the calculated s t ress  intensity can be somewhat higher than the material ultimate 
without producing serious damage. 
this. 
surface a t  maximum rod displacement. 
largest size and number of balls feasible for the configuration. 
6 
Experiments discussed in Ref. 7 verify 
The worst condition anticipated w a s  highly localized dimpling of the rod 
This was minimized by using the 
3.4.6.2 Stand 
The stand loading was approached from a cantilever beam having two 
concentrated loads, namely the Maxometer and stand. 
dynamic pressure of 200 lb/ft 
loading was  calculated to be 25 lb and the stand approximately 6 lb. 
two loadings produced a calculated s t ress  of only 2000 psi  maximum 
level s t ress  is well below the limit for 316 stainless steel. 
Assuming the maximum 
2 acting on the frontal area, the Maxometer 
These 
This 
Another a rea  on the stand that was examined is the roll pins holding the 
cradle to  the stand. 
maximum wind loading. 
for these pins i s  4400 lb. 
These two pins a r e  under shear loading equal to  the 
Manufacturers' recommended maximum loading 
The 25-lb Maxometer load is well below this value. 
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3.4.6.3 Rods 
The two small rods which hold the Maxometer ends together were 
examined to ensure they could hold the Maxometer together under maxi- 
mum load conditions. 
piston is displaced its full stroke (springs a r e  fully compressed), as shown 
below. 
Maximum loading for the rods is when the disk- 
The rod s t ress  is: 
Rod 
Glass  
Cylinder 
2 For 0-80 threads the stress a rea  is 0.0026 in . This value for area 
gives a s t ress  of 4820 psi, which is very low and allows for a safety factor 
of 20. The rod tensile strength is approximately 80,000 psi. 
3.4.7 Weathervaning Characteristics 
The Model E Maxometer is designed t o  provide a measurement of peak 
wind velocities regardless of wind direction relative to  the instrument. 
tail fin i s  used t o  orient the freely pivoted unit into the wind and to  damp any 
oscillation tendency. Response of the system is based on the 
damping ratio of the unit. 
A 
See Fig. 3-2. 
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The criteria for selection of the damping ratio a r e  a balance of amplitude 
Time response charac- or overshoot, time response, and the frequency ratio. 
teristic is most important because the unit must be oriented into the wind in 
less time than the expected maximum gust r ise  time. 
A review of existing directional anemometer devices revealed that the 
most common damping ratio is approximately 0.6. 
a design goal. 
damping ratio of 0.43 is desired, so that vane overshoot a t  intermediate 
frequencies compensates for attenuation at  higher frequencies. 
This value was used as 
However, MacCready and Rex (Ref. 8 )  report that an o p t h u m  
In determining the fin configuration required to provide a specific damping 
ratio, the optimum values of inertia, moment arm,  f i n  area,  and aspect ratio 
must be used. 
damping ratio and wavelength: 
The following equations relate physical characteristics to 
where 
= damping ratio 
= wavelength 
6r 
2 
I = inertia (0.0129 - 0.0146 lb-ft-sec ) 
I = moment a r m  (1.0 ft) 
sf = fin area (0.22 ft2) 
AR = b2/S = aspect ratio 
(3.27) 
( 3.28) 
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From Eq. (3.28) the span (b) can be found: 
The inertia of the system varies due to the change in position of the piston- 
rod-disk combination a t  different wind velocities. 
the damping ratio to vary slightly. 
The inertia change causes 
Then: 
% = 21.8 ft/cycle (6.64 m/cycle) 
& = 0.257 - 0.299 r 
b = 1.11 f t  (.338 m) 
The above damping ratio is less than the target value of 0 . 6 .  Analysis 
of wind tunnel data (Section 5.2.4) revealed discrepancies in the theoretical 
determination of fin size. 
in Eq. (3.27) and deletion of radical in Eq. (3.28). 
these equations were used in the original design. 
initial calculations gave a wavelength 
b r =  0.59. 
Errors  in Ref. 8 consisted of deletion of factor of 2 
The erroneous form of 
Due to the e r rors ,  the 
= 5.24 for a damping ratio of N 
The natural frequency of the system, due to aerodynamic loading at 
maximum dynamic pressure, is: 
V 
N - T -  0 -  max - .21.0 H z  
= maximum freestream velocity (458 ft/sec) 
a t  standard temperature and pressure m X  
V 
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3.4.8 R a i n  
I 
. 
Since most extreme environmental phenomena a r e  associated with 
some sort of precipitation, the effects of blowing rain were examined. 
expression was derived for the force generated by the rain from the momen- 
tum equation. 
An 
The derivation is as follows: 
F = M V  = (disk area)  (rainfall rate) (rain weight) (terminal velocity) 
386 
(3.30) 
where r is the rainfall rate in inches per minute and V is the raindrop t e r -  
minal velocity in inches per second. 
terminal velocity (8.8 m/sec), and peak winds (30 m/sec) for the Gulf Trans- 
portation, Panama Canal and New Orleans (Ref. 9), the following forces were 
calculated. It was  assumed that the wind component and rainfall component 
directions can be resolved into a resultant direction acting perpendicular to  
the drag disk. The calculated rain force was 0.0034 lb, and the wind rain 
force was 0.0119 lb, with a resultant force of 0.0121 lb. 
peak wind, this resultant force represents an e r ro r  of 1.2170 of the wind 
force (F = qA Cd = 0.99 lb). 
low extremity of the 8 to  200 m/sec design range, the resultant force repre- 
sents 441, of the force required to displace the Maxometer. 
Using the rainfall rate (0.5 in./min.), 
For the 30-m/sec 
Looking at  the most critical point, which is the 
It is to be noted that the rainfall rate used is an extreme amount, 
1/2 in./min. 
Sacramento, Wallops Test Range, and White Sands Missile Range, this 
rainfall rate is reduced by 4070 or 0.3 in./min. Between this value and 
the estimates made in the preceding paragraph, the rainfall is seen not to 
be a significant contributor to  Maxometer performance error. 
For Huntsville, Eastern Test Range, Western Test Range, 
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3.5 MATERIALS 
Each component of the Maxometer was selected in view of the particular 
environment and stress levels it would encounter. Two important factors 
were the high temperature and salt air. 
1000 F temperatures, a silicon glass ablative outer casing and end closures 
a r e  utilized. 
perature and low weight. 
a synthetic (e.g., Rulon), except for the springs. Particular attention was 
given to selection of the force balance springs. 
which has a constant coefficient of thermal expansion from ambient up to 
approximately 250°F temperature. 
for both the Model S and Model E. 
To protect the Maxometer against the 
0 
In addition, the disk is a silicon glass  laminate for high tem- 
All  other materials a r e  either a stainless steel or 
These a r e  made of Ni-span-C, 
Table 3- 1 lists all components and materials 
3.6 PERFORMANCE TRADEOFFS 
The Maxometer force balance equation, Eq. (3.3), may be rearranged 
so that 
and 
(3.31) 
or the product of the velocity t imes the disk diameter is a constant for a given 
a i r  density ( p ) ,  design spring force (F), and disk drag coefficient (cd). The 
drag coefficient is a constant value when the Reynolds' number is well above 
10 (Ref. 1). 
number (Re). Thus, 
4 The product VDd is also used in determining the Reynolds 
Dd Re = -v 
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. 
. 
Item 
Piston 
Spring Guide 
Piston Sleeve 
Or ifice 
Nose Cap 
C1 osu re 
Closure Spring Guide 
Cylinder 
Rod 
Disk 
Compression Spring 
Ball Cage 
Support Tube 
Casing 
Bearing b f t  
Cam 
Cradle 
Stand 
Connector 
Spring Guide Tube 
Zero Ad just Rod 
Nut 
Spring Retainer 
Nut Bearing Lock 
Upper Pipe Stand 
Ball Return &ring 
Fin 
Spacer 
Ball 
0-Ring 
Roll Pins 
Screws 
Knob 
Table 3-1 
UXOMETER COMPONENT MATERIALS 
Mat( 
Model S 
Type 303 SS* 
Rulon J 
Graphite 
17-4PH SS 
Silicon G l a s s  
Silicon G l a s s  
Rulon J 
Pyrex Glass No. 7741 
440C SS 
Silicon Glass SS 
Nickel Alloy 
N i  - Span- C 
Rulon J 
Not Required 
Silicon Glass  
Not Required 
17-4PH SS 
316 SS 
316 SS 
303 SS 
Rulon J 
303 SS 
303 SS 
303 SS 
Not Required 
N o t  Required 
Be Cu 
Not Required 
Not Required 
Ceramic 
Silicon Compound 
Stainless Steel 
Stainless Steel 
Stainless Steel 
r i a l  
Model E 
Type 303 SS* 
Rulon J 
Graphite 
17-4PIL SS 
Aluminum 
Aluminum 
Rulon J 
Pyrex Glass 
44oc ss 
Silicon Glass Alum 
Ni - Span - C 
Rulon J 
Aluminum 
Polycarbonate 
303 SS 
17-4PH SS 
Not Required 
Not Required 
303 SS 
Rulon J 
Not Re qui r ed 
Not Required 
Not Required 
Aluminum 
Aluminum 
Be Cu 
Aluminum 
Aluminum 
Ceramic 
Silicon Compound 
Stainless Steel 
Stainless Steel 
Not Required 
Remarks 
low coefficient of friction 
low coefficient of friction 
close tolerance bore 
surface hardened 
withstand heat, 
lightweight 
~ 
c on stant expane ion 
coefficient 
hard-high temperature 
hard, high crush load 
... 7 
Stainless Steel. 
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where 
0 -4 2 U = air kinematic viscosity at 60 F = 1.58 x 10 f t  /sec 
= a i r  kinematic viscosity at 1000°F N 7.8 x ft2/sec 
v = a i r  velocity, m/sec 
= disk diameter, in. Dd 
Equating the above value to the minimum Re of lo4, the VDd product 
is 5.8 for a i r  at 60°F and 28.5 for  a i r  a t  1000°F. This imposes a lower 
velocity limit for maintaining a constant Cd vllce 2s  shsv~c k Fig. 3-:4. 
Measurements below this level may experience a velocity e r ror  a s  much a s  
3070 due to drag coefficient variation. The drag coefficient may be as high 
a s  2.0 at  Re N 4 x 10 (from Ref. 1). 2 
Other Maxometer instrument limits a r e  determined by the lower 
friction threshold (force required to initiate piston motion) and the maxi- 
mum spring force. 
have been estimated at  8 x 4  or 32 for the friction threshold, and 135x4 
or 540 for the maximum spring force (both evaluated at 60°F ambient 
temperature). These limits a r e  inversely proportional t o  the G, or 
directly proportional to the square root of the ambient temperature (OR). 
Thus, the limits shown in Fig. 3-14 may be modified for the particular 
temperature in question in this manner. 
higher than the Reynolds number threshold. 
in Fig. 3-14. 
Using design values, the VDd product for these limits 
The friction threshold is much 
Thus, the latter is not plotted 
3-36 
LOCKHEED . HUNTSVILLE RESEARCH & ENGINEERING CENTER 
~~~ 
*r 
2 
0 
1 
LMSC/HREC D162388 -A 
340 
320 
300 
280 
260 
240 
2 20 
200 
180 
160 
140 
120 
100 
80 
60 
40 
20 
0 -
0 2 4 6 8 
Maxometer Disk Diameter (Dd), in. 
10 12 
Fig. 3-14 - Maxometer Performance Limits for Various Disk Diameters 
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Section 4 
MAXOMETER DEVELOPMENT 
During the design, fabrication and calibration phases, a number of 
problems were encountered which were developed in nature and which re- 
quired a number of minor design changes. 
affected the overall feasibility of the Maxometer concept. 
lem areas involved the springs, clutch mechanism, friction and the glass 
cylinder. 
silicon glass end pieces for the Model S configuration and pivot bearing loose- 
ness for the Model E configuration. 
corrective action are discussed in the following sections. 
None of the problems encountered 
The major prob- 
Other more minor problems included difficulties in machining the 
These problem areas and resultant 
4.1 SPRINGS 
Initial studies indicated that a spring with nonlinear load-deflection 
characteristics was highly desirable in order to maintain the desired 
accuracy over the full range. Also, this would allow for a direct propor- 
tional relationship between velocity and displacement and hence facilitate 
readout. The use of nonlinear springs, however, was ruled out for three 
reasons : 
Cost - One precisian spring would cost approximately $800, 
z h  defeats the concept of a low-cost expendable item. 
Accuracy - Repeatability from spring to  spring would be 
approximately 470; thus, to achieve 2 5 %  accuracy reading 
would be highly improbable. Also, as indicated in Section 
3.4.1, the resolution accuracy at high spring deflection is 
somewhat less  than the linear spring. 
- Size -According to  Ref. 10, a spring that will produce accuracy 
readings of t 5% will require a free length of three times the 
stroke, mak&g the overall length greater than is deemed 
feasible from an aerodynamic viewpoint of flow interference. 
4-1 
LOCKHEED - HUNTSVILLE RESEARCH 6 ENGINEERING CENTER 
LMSC/HREC D162388 
A Rolamite concept, an alternate means of obtaining nonlinear spring 
characteristics, was investigated f rom an analytical and small hardware model 
approach (Refs. 11 and 12). 
cept could be used, but the model indicated that many development problems 
would have to  be overcome. These problems range from thickness and ten- 
sioning of the band to sizing and guiding of the rollers. I?IIIG, the r,edh-ear 
spring concept w a s  discontinued in favor of a dual rate spring concept 
described in Section 3. 
The analytical investigation showed that the con- 
After assembly of the initial Maxometer configuration shown in Fig. 4-1, 
it was apparent that lateral deflection of the springs during engagement and 
compression was occurring and indicated a need for lateral  support. 
problem was solved by installing a sleeve in the piston assembly for guiding 
the low-rate spring, and by using a guide sleeve for the high-rate spring, as 
shown in Fig. 3-3. This change later resulted in minor friction problems as 
This 
discussed in Section 4.3. 
4.2 CLUTCH MECHANISM 
The original ball clutch mechan 
located in the piston. 
slope in the piston, ball and cylinder wall (Fig. 4-1). 
formed by rotating one section of the piston relative to  the other, thereby 
forcing the balls out of engagement due to  the decreasing slot on the turning 
piston half. 
tation was maintained when the rotated section was released. This device 
produced some sophisticated machine operations. However, this clutching 
mechanism imposed high localized loads on the Pyrex g lass  cylinder when 
deflecting the high-rate spring. 
glass  (tension failure) and prompted the ball clutch analysis, described in 
Section 3.4.6.1. 
able with a hard, smooth precision bore (1.0000 - t 0.0002 in.). 
concepts were investigated. Table 4-1 lists alternative schemes. The con- 
cept chosen was the disk-rod ball clutch, Fig. 3-3. 
The clutching function was performed by the 2Q deg 
Clutch release was per-  
The two piston sections were spring loaded so that proper orien- 
The resultant radial loads fractured the 
The Pyrex tubing was selected because it was readily avail- 
New clutching 
4-2 
s m  had the balls and ball return spring 
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I 
Concept 
High Strength- 
Hardenod Tube 
No-Clutch 
Dirk- Rod 
Clutch 
Table 4-1 
MAXOMETER CLUTCHING CONCEPTS 
Dercription 
Replace pyrex glarr tube with 
high-rtrength/tempered 0t.01 
nr Alumin8 tubing 
Elimkuto clutching and 
utilire other poak diophce- 
ment mearuring dovicor 
ruch am: 
1. Friction o r  ball-clutching 
collar on dirk rod 
2 .  Wax coating on inrido of 
pirton cylinder with #crib. 
marker on pirton (Alro 
felt tip ink marker) 
~ - _ ~ _  
Eliminate pirton clutching 
mechrnirm and nplace 
with dirk rod clutching 
mechrnirm 
Advantager 
Ure exirting clutching 
mocbniom by roplacing 
rapphire clutching ball0 
rteol ball.. 
with Nghb-rtnagth tool 
limplor mech8drm 
dimplo, nducod 
numbor ad fuac- 
tioning partr 
0 May .till utilise 
imxpenoivo. pre- 
cirion p y n x  glarr 
cylinder and intor- 
~l roadout 
0 M o n  compact 
0 -oily accerriblo 
0 k r v o r  dual purpore 
a0 ball clutch and 
rod burh- 
for rO8Ottkrp 
4 -4 
Mradvantaner 
~- 
D Lack of t ranrprent  cylinder 
eliminate. internal readout 
foaturo 
Metal tube prorentr potential 
rtstic electricity problem. 
Alumina a d  metd tubing 
a re  potentially expenrivo in 
order to meet precirion i.d. 
roquirementr 
brinelling from localised 
r t re r re r  
Metal tube rubjoct to 
&abject to porformance de- 
gradation from durt,and ralt 
#pray environment 
0 Requirer recoating or re- 
placement of marked rur-  
face for each mearurement 
pioton friction or prerentr 
pirton realing problemr 
0 W U  Coating hCr88#4Br 
0 Porrible dirk rod brinelling 
at high wind rpeedr, porribly 
requiring rod replacement 
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. 
The advantages were numerous, and the primary disadvantage was not 
serious because replacement disk rods a r e  not expensive and the high peak 
wind speeds a r e  not expected at every reading. 
(local dimpling from high localized s t resses)  may not interfere with subse- 
quent peak wind speed measurements. This concept proved itself when the 
sapphire balls were replaced with ceramic balls. 
fractured under the high point stress. 
ceramic balls indicated no deformation or flattening after repeated usage. 
Also, the rod brinelling was detectable but did not compromise repeated 
usage. 
Also, the brinelling phenomenon 
The sapphire balls 
Microscopic examination of the 
4.3 FRICTION 
Eccentric weight loading and slight deviations in alignment of the disk, 
rod and piston assembly caused excessive friction which compromised the 
low-speed characteristics of the initial Maxometer configuration (Fig. 4-1). 
This problem was solved by reducing the weight of the disk and piston assembly, 
by reducing the length of the piston carbon bushing, and by careful attention 
t o  alignment of the disk rod relative t o  the piston assembly. 
f rom this problem was effected by the ball clutch redesign, in that any mis- 
alignment would be absorbed by the clutch mechanism. 
Additional relief 
After a series of Maxometer calibrations, it was determined that the 
ball clutch return spring breakaway force had a serious effect on the friction 
threshold for the disk-piston assembly. 
spring constant was 0.04 lb/in. 
force of approximately 2 oz., while the other units were about 1 oz. 
clutch springs were adjusted to maintain a 1/2 to  1 oz. range. 
Early estimates for the required 
Two of the Maxometers had a breakaway 
All ball 
Incorporation of the spring guide design shown in Fig. 3-3 introduced 
an additional friction problem, For certain orientations, slight sagging of 
the high-rate spring caused increased friction when engaged by the low-rate 
spring guide. h most all cases, this was eliminated by rotating the assembly 
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icr rcconrnrcndd to climirutc. thio prclblom . 
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4.5 OTHER DEVELOPMENT EFFORTS 
1 .  
. 
. 
~ 
Certain items for improvement became apparent after fabrication had 
been started. 
so that three Model S units can be placed orthogonally from the same mounting 
reference plane. To do so requires a capability of compensating for the initial 
displacement of the disk-rod-piston assembly under its own weight. This was 
solved by coupling the low-rate spring directly to the piston while the opposite 
end is displaceable by a screw adjustment to  put the spring in tension o r  com- 
pression for the proper compensation (depending upon instrument orientation 
with respect to vertical). 
knob is turned while the instrument is in its operating position until a zero- 
scale reading is indicated. The clutch mechanism is disengaged during this 
adjustment. The Model E unit does not require the zero adjust mechanism, 
since it is used only in the horizontal plane. 
One of these was that the stand provide pivoting capabilities 
See Fig. 3-3. In operation, the adjusting screw 
The primary fabrication problem occurred with Model S unit components, 
primarily the two end caps (or closures). 
g lass  laminate to  meet the high temperature requirements. 
was found to  be difficult to  machine, and, in several cases, the material 
These were made from a silicon 
This material 
parted parallel to the laminates. 
perature adhesive. 
for these end caps. 
the requirements. 
They were re-bonded with a high tem- 
Further work is recommended to select a new material 
Several high temperature castable plastics should meet 
The pivot bearing for the Model E Maxometer (Fig. 3-2) w a s  originally 
a single-row ball bearing configuration. Because of excessive looseness in 
the pivot, this was replaced by a double-row bearing configuration. During 
wind tunnel tests, the single-row configuration looseness apparently caused 
some minor flutter. 
satisfactorily. 
The double-row configuration should solve this problem 
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Section 5 
MAXOMETER CALIBRATION TESTS 
5.1 LABORATORY CALIBRATION 
A laboratory force versus deflection calibration was required prior t o  
the wind tunnel tests in order to properly evaluate the wind tunnel data. 
the Maxometer these calibrations consisted of static force versus deflection 
measurements using precision dead weights and reading the Maxometer dis- 
placement directly. Initially 
the displacement was measured with a dial indicator. 
placed by a scale bonded to the g la s s  cylinder in order to  measure the piston 
displacement. 
ment was read after the weight was carefully removed. 
mate actual environment, vibration was induced into the system by use of a 
saber saw mounted to  the calibration table. 
all units were very consistent. 
shown for the low and high ranges of all  six units. 
presented in Table 5-1. 
equations and data from Section 3.4.3, is between the mean value line and the 
minus 5% line shown in Fig. 5-3. 
between design and measured values. 
For 
Figure 5-1 is  a picture of the test apparatus. 
This was later re- 
Since the final reading is in the clutched position, the displace- 
To further approxi- 
The resultant calibrations for 
Jn Fig. 5-3, the linear characteristics a r e  
The calibration data are 
The design characteristic, as may be computed from 
Thus, excellent agreement was found 
Along with the vertical calibrations, a number of horizontal calibra- 
tions were conducted using a Hunter Spring Company Mechanical Force 
Gage, Model D-20-T. 
are included in the plotted data in Fig. 5-3. 
very little difference between horizontal and vertical. 
was no detectable force difference at  deflections above one inch and approached 
approximately 0.05 lb a t  zero deflection. 
friction loading of the disk-rod-piston assembly. 
These data a r e  the Model E data in Table 5-1  and 
The results of these data indicated 
Specifically, there 
This was attributed to  eccentric 
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Fig. 5-1 - Labora tory  Cal ibrat ion Test  Appara tus  
I 
Fig. 5-2 - Model E Maxometer  on Roof of Lockheed 
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24 
22 
20 
18 
16 
14 
12 
10 
8 
6 
4 
2 
2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 
a x o m e t e r  Displacement, x (in.) 
1.4 
1.2 
1.0 
5 - 0.8 
Q, 
V 
0.6 
r.4 
0.4 
0.2 
a x o m e t e r  Displacement, x (in.) 
Fig. 5-3 - a x o m e t e r  Force versus Displacement Calibration 
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0.4 0.75 0.70 
0.5 0.98 
0.6 1.18 1.13 
0.8 1.65 1.62 
1.0 2.00 2.00 
1.2 2.50 2.43 
- 
0.11 
0.22 1 
0.441 
0.662 
0.882 
1.10 1 
1.322 
1.765 
2.205 
2.645 
3.310 
3.06 
5.00 
9.50 
15.00 
19.50 
22.56 
0.72 
- 
1.12 
1.56 
1.93 
2.42 
0.23 
0.45 
0.90 
1.28 
1.81 
2.32 
2.50 
2.53 
2.58 
2.62 
2.69 
2.67 
2.87 
3.31 
3.86 
4.30 
4.37 
Table 5-1 
CALIBRATION DATA (Static) 
0.22 
0.44 
0.86 
1.28 
1.82 
2.28 
2.52 
2.57 
2.62 
2.70 
2.72 
2.69 
2.87 
3.30 
3.82 
4.25 
4.35 
s3 
zli sp. 
(in.) 
7 
0.22 
0.44 
0.87 5 
1.28 
1.82 
2.29 
2.51 
2.56 
2.61 
2.64 
- 
2.68 
2.87 
3.33 
3.80 
4.30 
4.30 
unit-+ I ~1 I E2 E3 
Disp. Disp. Disp. '("IFb:"I/ (in.) 1 (in.) I (in.) 
NOTE: Model S Cal ibrat ion:  
Ver t ica l  - No Reset - 
With Vibration 
Model E Calibration: 
Horizontal  - 
With Force Gauge 
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The equations for the mean of the data shown in Fig. 5-3, based on the 
format of Eq. (3.18). a r e  given below. 
Low Range 
q CdAd = 0.02 t 0.484x, lb 
High Range 
= 1 0 . 2 8 ~  - 24.45, lb 'd Ad 
(5.1) 
(5.2) 
From these equations and Eq. (3.18), it was determined that the effective 
calibrated spring constants were K 
it is noted that the low range has approximately a 0.02 lb friction threshold a t  
zero displacement. Limitations of the calibration procedure did not permit a 
more accurate evaluation of the near zero values. A more accurate calibra- 
tion technique is recommended. 
the friction differential between the horizontal and vertical positions. 
= 0.484 lb/in. and K2 = 9.80 lb/in. Also, 1 
' 
This would be especially useful in evaluating 
Additional checks were made of the Maxometer to evaluate the threshold 
clutching force. 
plane and the disk displaced by pushing on the disk center with a spring force 
gauge. 
was removed and the Maxometer clutch allowed to engage. 
the disk again, the piston was seen to move at or before the force gauge read 
the pre-set  load, e.g., ane pound. 
Pelouze Mfg. Company Model 5T Tension Testing Scale, which has a five (5) 
pound full scale and one-ounce graduations. 
clutching threshold could be observed throughout the force range. 
To do this the Maxometer w a s  rigidly held in a horizontal 
Once a displacement ha.d been reached, e.g., one pound, the force gauge 
Then, by pushing on 
This procedure was performed with a 
Using this technique, no detectable 
In addition to  the laboratory tests, the first Model E Maxometer assembly 
was placed on the roof of Lockheed for a two-week period (Fig. 5-2). Daily 
observations of the piston displacement and weather conditions (rain, snow, 
temperature) were made and recorded. 
these tests was that the Maxometer did function well under adverse conditions, 
The primary conclusicm drawn from 
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rain, snow and freezing temperatures. 
the ball-clutch area would be helpful in preventing the clutch from accumu- 
lating moisture and freezing. Peak velocity 
values were computed from design and laboratory force calibration data. 
Comparison of the Maxometer data with data f rom the MSFC Meteorological 
Research Facility, six-miles distant, was favorable. 
However, a protective covering over 
See comments in table below. 
Period 
\ l Y  I U )  
I .  e--. 
~~ 
1 /2 3 - 1/2 6 
1/26-1/29 (0730) 
1/29 (0730-0945) 
1/29 (0945-1645) 
1/30 (0830 
1/30-2/2 (1 100) 
2/2-2/3 (1 130) 
2/3-2/4 (1530) 
Weather 
C e z d  
~~ 
Rain 
- 
Overcast 
Rain 
- 
Rain 
Freezing 
Rain/Snow 
Cold 
Maxomet e r 
Reading 
(in. 1 
0.53 
0.47 
0.85 
0.60 
0.45 
1.06 
0.50 
0.38 
Temp. 
(OF) 
40 
~ 6 0  
65 
40 
29 
-60 
16 
7 to 20 
~~ 
15.2 
14.6 
19.7 
16.2 
13.9 
22.0 
14.3 
12.5 
Iiemarks 
Clutch frozen to  
prevent res et bul 
still had positive 
clutching action 
5.2 WIND TUNNEL TESTS 
5.2.1 Test Description and Results 
Wind tunnel tests of four Maxometers (three Model S and one Model E) 
were conducted in the High-Speed 7 by 10 foot Wind Tunnel located at NASA- 
Langley, Virginia, 23-28 March 1970. 
namic calibration of the Maxometers under wind load conditions. 
There teats  were for static and dy- 
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I .  
The 7 x 10-foot wind tunnel has a test section adequate in size to mount 
all  four sensors tested simultaneously. 
effects and obtain a more accurate dynamic pressure, three units were mounted 
on 14-in. stands so that they were nearly on tunnel centerline. 
was mounted to the wall with no standoff; see Fig. 5-4 and 5-5. 
To reduce the wall boundary layer 
The fourth unit 
A finalized run schedule includes a total of 44 runs, and four of these 
The two parameters varied were were repeatability runs. 
velocity and angle of attack (or .weathervane angle). 
velocities were conducted. 
was attempted. 
because of the wind tunnel limitations. 
meter per second apart to check the sensitivity or  clutching threshold at 
various velocity levels. 
two velocities. The Model E had five weathervane angles. 
the Maxometer is pre-set to  a velocity and then a higher velocity is applied 
was run for four cases. 
See Table 5-2. 
Tests of 15 different 
A full coverage of the Maxometer velocity range 
However, the lower velocities (8-20 m/sec) were unobtainable 
A number of velocities were only one 
For the Model S, six angles of attack were tested at 
A special case where 
Simulated step function wind speeds were applied to  the Maxometers by 
using a retention and instantaneous release scheme for both the disk and 
Model E pivot a s  shown in Figs. 5-6 and 5-7. An electrical exploding wire 
provides instantaneous release for the balsa wood rod holding the disk (Fig. 
5-6) and the lanyard for the pre-set weathervane angles (Fig. 5-7). 
The wind tunnel test  results a r e  given in Table 5-3. Maxometer dis- 
placements were obtained from visual inspection of each instrument after 
each test  run. 
density and dynamic pressure - were obtained from instrumentation pro- 
vided by NASA-Langley Research Center. Besides the data in Table 5-3, 
high-speed motion picture film was used to record the weathervaning 
response of the Model E instrument. 
fo rm in Section 5.2.4. 
Corresponding wind tunnel data - velocity, temperature, 
These data a r e  presented in graphical 
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Table 5-2 
MAXOMETER RUN SCHEDULE 
Run 
Numb e r 
4 
5 
6 
7 
8 
9 
10 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
1 1  a *  
Model 
Se e *::: 
;1, S2, S3, E l  t 
i l ,  Si 
i l ,  Si 
s3  
S3, E l  
Preload 
Velocity 
(m/sec) 
i 
i 
30 
31 
32 
0 
40 
- 
100 
0 
120 
8* 
10: 
60 * 
0' 
0*- 
0" 
40* 
0 
- 40 
41 
42 s1, s2, s 3  
43 
44 
~ 
Final 
Velocity 
( m/s e c 1 
- 
20 
25 
30 
31 
32 
33 
40 
42 
60 
80 
100 
103 
120 
124 
140 
30 
80 
100 
120 
30 
80 
100 
120 
40 
60 
80 
120 
100 
40 
100 
40 
100 
40 
100 
40 
40 
100 
100 
40 
20 
25 
Weathervane 
Angle (deg) 
Model E 
0 
* 
*" Unit preset  and instantaneoudy released when final velocity has been reached. 
The letter designates type model and the number designates unit series. 
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1 
41 3/28/70 AM - 4.05 4.20 4.25 106.461 59.491 0.00228 139.086 Note 9 
43 
44 - 0.46 0.25 0.25 18.646 59.271 0.00239 4.475 -Note  10' 
I 2.72 2.76 2.80 48.500 57.028 0.00238 30.178 . 42 Saturday - 
1 0.98 0.79 0.80 21.719 59-931 0.00239 6.075 Note 10 ' - 
Table 5-3 
WIND TUNNEL DATA SHEET 
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Note 1. 
Note 2. 
Note 3. 
Note 4. 
Note 5. 
Note 6. 
Note 7. 
Note 8. 
Note 9. 
Tunnel data a r e  as received from NASA- Langley's Data Reduction 
program. 
No wind tunnel data were received from NASA- Langley. 
The Maxclm-eter readings after Eiun i o  were recorded a t  the end of 
the working day. The next morning (approximately 16 hours later) 
the readings were noted and found to be the same. 
After Run 15, it was noted that the S1 model had ZE exceseive 
z ~ ~ G - G ~  of disk-rod wobble. After Run 16, Model S1 was read 
and then disassembled. The problem was located and fixed - 
the orifice to connector thread had been unscrewed. Model S2 
had similar problemafter Run 34. 
During Run 18, the fin on Model E l  came loose and separated 
from the model. A new fin was made by NASA-Langley along 
with a f i x  - balsa wood plug and screws to hold fin and plug in 
casing. 
First attempt on each of these runs was aborted due t o  Model 
E l  being released prematurely. This was caused by failure 
of the bond between the electrical terminal block and fixture. 
For Run 22 Model E l  was removed, since S1, S2 and S3 would 
record identical data a s  El. 
First attempt at running had to be aborted since electrical wire 
holding E l  model weathervane lanyard pulled loose. 
The lanyard holding E l  model weathervaned broke, aborting 
f i r s t  run. The lanyard was replaced with a higher breaking 
strength cord (250 lb). 
Original Run 41 called for Model E l  to  be weathervaned 
to 135 deg and a velocity of 100 m/sec. This run was 
aborted because of the high loading on the bearing shaft of the 
weathervane mechanism with subsequent bending. 
changed a s  per run schedule, negating any further testing of 
Model El. 
Run 41 was 
Note 10. Runs 43 and 44 data apparently were reversed during the data 
reduction. 
from the order per NASA-Langley data reduction printout. 
The data as recorded in Table 5-3 a r e  reversed 
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Fig. 5-6 - Model S Maxometer with Disk Retention 
Release Mechanism 
Fig. 5-7 - Model E Maxometer with Lanyard Weathervaning 
Retention Release Mechanism 
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5.2.2 Analysis of Dynamic Pressure  Data 
The Maxometer is basically a dynamic pressure measuring instru- 
ment. 
data for analysis. 
IJkxomeier displacement relationship for each instrument as plotted collec - 
tively in Fig. 5-8. 
Therefore, the dynamic pressure data in Table 5-3 were the primary 
Of specific interest was the dynamic pressure versus 
Some pertinent observations of these data a re :  
0 As expected from the design data (Fig. - 3-12): the te-at dztz 
s h ~ ' j ; . ~  a iruiy iinear q versus x relationship, and the maxi- 
mum test data scatter appears to be t 570 of mean reading. 
Thus, the velocity accuracy may be 0; the order of +2 - 370 
of reading. (See Section 3.4.1.) 
0 The unit-to-unit variation for a given test appears to  be very 
small - approximately t 3.570 of reading maximum. Models 
S2 and S3, mounted in cl%se proximity, had a maximum varia- 
tion of - t 1% of reading for a given test. 
0 There w a s  no perceptible variation from the dynamic (step 
function) tes ts  and the steady-state tests. 
response appears to be very good. 
0 Weathervaning apparently had no perceptible affect on the 
mea surement of dynamic pres  sure. 
Thus, the dynamic 
(See Section 5.2.5.) 
0 A dynamic pressure threshold at  zero Maxometer displace- 
ment is approximately 3.3 lb/ft2. 
high. However, no test  data in the lower dynamic pressure 
values were available to ver i  $y this. More tests should be 
conducted in the 0 to 10 lb/ft 
more precisely determine this threshold and the low range 
calibration. 
This appears unusually 
dynamic pressure range to 
0 The instrument drag coefficient appears to be somewhat 
higher than the design value, since the displacements for 
given dynamic pressure values were consistently higher than 
the design values. 
Data plotted in Fig. 5 - 8  do not include those for angles of attack higher 
than 20 deg. Angle-of-attack effects a r e  discussed separately in Section 5.2.3. 4 
LOCKHEED. 
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Fig. 5-8 - Maxometer Dynamic P r e s s u r e  v e r s u s  Displaccrncnt Test  Resu l t s  
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The equations for the mean dynamic pressure characteristics shown in 
Fig. 5-8 a re :  
Low Range 
q = 3.3 t 3 . 0 8 ~  lb/ft2 
High Range 
q = 8 4 ~  - 1 9 9 ,  lb/ft2 
Comparing the constants in these equations with those in Eqs. (5.1) and 
(5.2), the effective drag coefficient (C,) is 1.79 for the low range and 1.40 
for the high range. This effective coefficient undoubtedly compensates for 
varying amounts of friction and reflects a discrepancy in the low range. 
Using these constants and the constants developed in Section 5.1, the follow- 
ing constants a r e  summarized for use in the Maxometer performance equations, 
Eqs. (3.18) through (3.21): 
K1 = low range spring constant 
= 0.484 lb/in. 
K2 = high range spring constant 
= 9.80 lb/in. for x1 > 2.50 
= 0 for x1 < 2.500 
x1 = low range displacement to  high range spring contact 
= 2.500 in. (63.5 mm) 
Cd = effective disk drag coefficient 
= 1.79 (low range) 
= 1.40 (high range) 
Ad = disk frontalarea 
= 0.0872 f t2  
= 
= 3.3 lb/ft2 
additional dynamic pressure threshold for low range only 90 
R = air g a s  constant 
= 1716 ft2/sec2-OR 
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Combining Eqs. (3.21, (5.3) and (5.4), the equations for Maxometer 
velocity versus displacement are:  
Low Range 
2RT (3.3 + 3.08x), = 
V = 8 . 8 7 d g  (1 + 0 . 9 3 4 ~ )  , ft/sec 
where x 5 2.50 in. displacement. Also, 
v =  2.7d-, m/sec 
where x 2 63.5 mm displacement. 
High Range 
= d m  2RT (84x - 199) , 
V = 44.54; (x - 2.37) , ft/sec 
where x <, 2.50 in. displacement. Also, 
, m/sec 
where x 2 63.5 mm displacement. 
(5.5) 
(5.6) 
(5.7) 
(5.8) 
0 Units for temperature, T, and atmospheric pressure, P, a r e  
A standard day temperature and pressure of 520°R 
R and 
2 lb/in , respectively. 
and 14.7 psia, respectively, a re  assumed. The Maxometer velocity versus 
displacement relationships for these conditions a r e  illustrated in Fig. 5 -9. 
Also, the extreme temperature condition of 1000 F is shown. 
indicates, the minimum velocity is approximately 16.5 m/sec at 60°F, and 
the maximum velocity exceeds 200 m/sec at 1000°F. 
0 A s  the graph 
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It is noted that the performance characteristics do not meet the 8 m/sec 
at  60°F minimum velocity threshold specified in Section 2. The discrepancy 
is also seen by comparison with the design curve in Fig. 5-9. NAS-Langley 
wind tunnel personnel cautioned that the data at  20 m/sec or  below have ques- 
tionable accuracy. This may be the primary reason for the discrepancy. 
More wind tunnel tests in the low q range (0 - 10 lb/ft ) a r e  required to 
verify this. 
did not indicate serious friction problems in the low range. 
using the low range calibration, Eq. (5. l),  a qo = 3.3 and a 
the equivalent Maxometer displacement is over one inch. 
2 
It is noted that the laboratory force versus deflection calibration 
As an example, 
c d  = 1.79, 
5.2.3 Angle of Attack (Model S) 
The effects of angle of attack a r e  best expressed graphically a s  shown 
With the two test velocities (dynamic pressure) held constant, in Fig. 5-10. 
the effect of angle of attack is shown by change of piston displacement. 
is little effect due to change of angle up to 30 deg. 
greater piston displacement represents an increased negative coefficient of 
lift for the disc. 
Maximum displacement occurs at approximately 45 deg, which at  the higher 
dynamic pressure represents an increased displacement of 4.570. 
There 
Between 30 deg to 60 deg, 
The increase in l i f t  is greater than the decrease in drag. 
The effects a t  the iower d y ~ s ~ m i c  yressure a r e  less pronounced with a 
maximum displacement e r ror  of 3.0% at  approximately 45 deg. 
greater than 60 deg, the lift and drag  decrease rapidly for both dynamic 
pressures.  
At angles 
5.2.4 Weathervane Response (Model E) 
The response of the Model E Maxometer was analyzed by reducing the 
film from the tunnel overhead and side camera. 
mounted behind and slightly to one side of centerlines through the model 
pivot point. 
as a reference for the overhead camera. 
The overhead camera was 
A grid placed on the tunnel floor ahead of the Model E unit served 
(See Fig. 5-4.) With the location oi 
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Fig. 5-10  - Effect of Angle of Attack on Maxometer Displacement 
at Constant Dynamic P r e s s u r e  
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the camera known with respect to the model, the elliptical pattern of a fixed 
point across  the grid is reduced t o  angle of attack relative to the free stream. 
In reviewing the data, two anomalies were uncovered a s  outlined below: 
0 The actual angle of attack a t  release was less than preset angle. 
This difference w a s  caused by flexibility or stretch in the re-  
straining lanyard and the location of the tiedown points (i.e. , 
for 90 deg preset actual release angle approximately 70 deg). 
0 The second major anomaly was an apparent damping ratio of 
approximately 0.2 instead of the theoretical value of approxi- 
mately 0.60. 
The second major anomaly prompted a review of the initial theoretical 
data, and this revealed e r rors  in basic equations as discussed in Section 3.4.7. 
In addition, during the tunnel test, the fin was lost and had to  be replaced. 
When the repair was accomplished, an additional mounting block was added, 
which increased the inertia of the system from 0.0146 to 0.0179 slug-ft 2 . 
Therefore, correcting for the e r rors  in Ref. 8 and the change in inertia, 
= 27.5 &/cycle 
fir = 0.228 
f = 16.5 cycles/sec 
The actual damping ratio of the system is found by determining the rate 
of decay of oscillation. 
decrement (a) or the logarithm of the ratio of any two guccessive amplitudes. 
The rate of decay is best expressed by the logarithmic 
Expressed mathematically, the log decrement is: 
e. 
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where 
Q = log decrement 
br = damping ratio 
7 = period 
uN = natural frequency 
The amplitude ratio is 
a eo - - 'N-1 ... -  e = - - . - -  
'1 '2 'N 
or 
O2 eN 
0 = J f n - t + - t . . . t l n -  
e2 e3  'Nt1 
For N cycles 
1 '1 
a = R + e N , 1  
From Eq. (5.10) it may be seen that 
and for the nontrivial case, then 
.) 
(5.10) 
(5.11) 
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Two runs were chosen as typical in determining the actual damping 
ratio. The two runs, No. 37 and No. 39, represent the velocity extremes 
and different angles of attack a t  release. A graphical representation of the 
two runs is shown in Fig. 5-11. 
data. 
Analysis of these runs reveals the following 
Parameter RunNo. 37 Run No. 39 
Preset  Angle, €Ii 60 deg 90 deg 
Release Angle, €IR 29.2 deg 68.6 deg 
Test Velocity, V 108.2 m/sec 44.2 m/sec 
Log Decrement, u 1.45 1.28 
Damping Ratio, & 0.231 0.204 
The test data then approximates the corrected thierretizal .szlr.e of 6 = 0.228. 
The initially desired damping ratio of 0.6 can be obtained by increasing 
2 the fin area to  1.36 ft . 
be 2.33 ft. 
Maintaining an aspect ratio of four, the span would 
The present fin configuration is sufficient to correct for a 90-deg wind 
direction change (i.e., reach an attitude parallel to gust) in less than 0.125 
sec. The maximum overshoot angle is approximately 30 deg in the worst 
case, and therefore angle-of-attack e r ro r  can be assumed to be negligible. 
(See Section 5.2.3. ) 
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Since the maximum gust rise time expected is 0.250 sec, the present 
weathervane response is quite sufficient for accurate peak wind readings. 
The greatest At recorded for the Model E to stabilize (90 deg, 40  m/sec 
run) was 0.856 sec. 
5.2.5 Maxometer Response 
The Maxometer is designed to maintain - + 5% accuracy for a maximum 
velocity change of 130 m/sec in 0.25 seconds in the natural environment. 
step function response characteristics of the Maxometers were analyzed by 
review of wind tunnel test film data. 
tion application of wind speed is described on page 5-7. 
The 
The method of simulating the step func- 
Response characteristics for tes t  runs Nos. 19, 20 and 22 a re  shown 
graphically in  Fig. 5-12. 
analysis of the motion picture film for the S-2 Maxometer. Analysis of the 
E-1 unit showed very similar characteristics. 
erally that of an overdamped system as  shown by Run 19 a t  30 m/sec. 
a t  the higher velocities, additional dynamics a re  introduced. 
are apparently caused by lag in the clutch engagement which allows direction 
change in the piston assembly. The force reversal  is caused by the combined 
high inertia forces at contact with the high-rate spring and compression of air 
behind the piston which is not relieved rapidly enough by the orifice. 
clutch engages, a t  approximately 0.10 second, the orifice controls the rate of 
change in piston displacement until the final velocity is reached (at approx. 
These data were obtained by a frame-by-frame 
The characteristics a re  gen- 
However, 
The oscillations 
After the 
0.47 seconds). 
For the overall system response approximately 80% of the final displace- 
ment is achieved in 0.125 seconds at  the higher velocities. 
velocity (30 m/sec), 80% displacement is achieved in approx. 0.31 seconds. 
For the lower 
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Concluding observations of the Maxometer response characteristics 
are : 
1. 
2. 
3. 
Although the step function response appears very good, the 
Maxometer is heavily damped for the 130 m/sec velocity 
change &. 0.25 seconds condition. However, this response 
appears consistent with the analog simulation for the tornado 
condition (page 3-14). 
recommended only if peak winds of less than 0.50 second dura- 
tion are  anticipated. 
be determined experimentally. 
0.020 inches (0.51 mm). 
An increase in orifice diameter is 
This orifice dia-m-eter increase shouia 
Present orifice diameter is 
.- 
The response characteristics a re  very similar for the full 
velocity range. 
0.50 second time period, and for the higher velocities where 
the high rate spring is engaged (Runs 20 and 22). 
For the step function input a t  velocities higher than -30 m/sec 
positive clutching does  not occur until after 0.10 seconds. This 
does not appear detrimental to the Maxometer performance and 
appears adequate. However, decreased damping by increasing 
the orifice size may alter this condition and sh.ould be evaluated 
simultaneously with any orifice size change. 
This is especially apparent in the 0.10 to  
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CONCLUSIONS AND RECOMMENDATIONS 
As a result of the design, development and testing efforts involved in 
this program, it is concluded that the Maxometer concepts (Models S and E) 
are capable of meeting the specifications outlined in Sec'tion 2 of this report. 
Test data indicate that the Maxometer is capable of measuring dynamic pres-  
sures  up to  200 lb/ft This is equivale'nt to a maximum velocity 
of 205 m/sec at 1000°F (538OC) or 122.7 m/sec a t  60°F (15.6OC). Dynamic re- 
sponse test data indicates that the Maxometer response is adequate if the peak 
wind speed pulse is 0.50 seconds or greater, and that the Model E weather- 
vaning response is adequate. Also, the test data indicate that the instrument 
is capable of meeting the velocity measuring accuracy of - t 5% of reading. 
Maxoxneter low velocity threshold w a s  specified at 8 m/sec at 60°F (15.6OC) 
and 14.7 psia (1013 mb). Test data indicated approximately a 16.5 m/sec at this 
temperature and pressure. 
tory calibration data, and the NASA-Langley wind tunnel personnel indicated 
that their data was subject to inaccuracies near 20 rn/sec and below. 
2 2 
(977 kg/m ). 
The 
However, this data is inconsi'stent with the labora- 
Also, as a result of the Maxometer design a d  development efforts, 
there were certain recommendations for further work to refine the Maxometer 
concept. 
testing as outlined below. 
This work involves minor design changes and further calibration 
Design Changes 
0 For the Model S Maxometer, select a1 alternate material for 
the nose caps to reduce the fabrication costs. 
caps should be capable of meeting the Model S high tempera- 
ture environmental requirements. 
These nose 
0 For Models E and S, devise a method for preventing excessive 
sagging of the high rate spring in the horizontal position. 
provide a protective cover or shield over the ball clutch on the 
nose cap. 
Also, 
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0 For Models E and S, reduce the resolution e r ro r  at high rate 
spring engagement by reducing the spring rate  of the high rate 
spring, or by increasing the overall displacement and the low 
rate spring displacement prior to high rate spring engagement. 
(See Section 3.4.1. ) 
0 For Models E and S, change hardened steel rod material. 
During environmental exposure of the first  few Maxometers, 
it became apparent that the hardened steel rod, on both models 
(reference Fig. 3-3), cannot withstand adverse environmental 
conditions. The salt air, moisture, etc., environment severely 
corrodes the rods. Subsequently, it is  recommended tkzt k t r i r e  
Maxometers he kbricated with a higher grade stainless steel or  
an equivalent treated material. 
Further Testing 
0 Further wind tunnel calibration testing is recommended to 
evaluate the Maxometer low range characteristics. This 
should be accomplished in a tunnel facility with sufficient 
size to mount the Maxometer assembly and which has velocity 
accuracy of - t 1% in the 1 to 10 lb/ft2 dynamic pressure 
range. 
0 Further field and environmental testing is recommended to 
evaluate the Maxometer in its intended environment. This 
should include high and low temperature tes ts  with simulated 
rain, snow and sleet conditions. Also, vibration tes ts  should 
be conducted to evaluate limitations in this type of environment. 
c 
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I n s t .  f o r  Storm R e s .  
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Northridge, Ca l i f .  91324 
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R. A. T a f t  Sani tary Eng. Center 
Publ ic  Health Service 
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Cinc inna t i ,  Ohio 45226 
Meteorology Division 
U. S. Army Dugway Proving Ground 
Dugway, Utah 84022 
Atmos. S c i .  Lab. 
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D r .  H. Crutcher 
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White Sands Miss i l e  Range 
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P a t r i c k  AFB, F l a ,  32925 
D r .  Sidney Teweles (W14) 
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A i r  Weather Service 
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